Abslrocl-In this paper', we address the problem of finding organized thin StNCtUreS in three-dimensional (3-D) data.
I. INTRODUCTION
Classification and segmentation of ndtUral scenes from three-dimensional (3-D) laser data received much attention from the research community for tasks such as scene interpretation, obstacle detection or terrain-based localization But small scale structures, such as wires and thin poles, are still challenging for segmentation algorithms.
In this paper, we look at the detection and segmentation of organized thin structures. In our terminology, thin structures differ from linear structures in the following ways: linear structures are elongated, locally smooth set of points (typically large branches or posts) while thin structures are elongated and a few pixels wide (typically small branches or wires). Organized thin structures are complex patterns of thin structures. There are two key issues in detecting such structures: I) the small number of points on the target of interest, and 2) their structural similarity with vegetation and foliage. We are interested in characterizing such structure by building a discriminative local sfrumre signamre. We focus our effort on a special class of organized thin structures: periodic and symmetric structures. Through out the paper we will illustrate our approach in the context of detecting a concertina wire in vegetated terrains using data collected with an actuated SICK laser range finder. Figure 1 shows a representative scene containing vegetation and a concertina wire.
Our proposed local structure signature relies on data reduction, both in dimension and in size, by projecting and accumulating 3-D data into different 2-D sub-spaces. 
RELATED WORK

A. Senring
The two closest related fields in thin structure detection is power line detection for aircraft obstacle avoidance at low altitude and stand-off trip wire detection for landmine clearance. Laser-based obstacle detection systems are commercially available for power line detection on-board manned helicopters. Typically, they are designed to detect at 600 m cables with diameter of several centimeters, stretching in a linear fashion between towers with no clutter. The emphasis is on early and reliable detection and not on 3-D reconstruction [IO]. Other sensing modalities tested include millimeter wave radar [ I l l and passive infrared camera [121. Trip-wires, used in some landmines, can be detected, using passive polarimetric infrared sensors 1131 or active illumination with short-wave infrared laser [14] . Those wires are a few millimeters in diameter and cluttered by vegetation.
The accurate 3-D reconstluction of thin structures is very difficult in natural cluttered settings such as the ones encountered by ground mobile robots. Thin structures will produce mixed pixels that are difficult to compensate for using methods based on local smoothness of the scene [ 
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C. Our previous approach
In [181, we proposed a method to classify 3-D ladar data in natural terrain into three classes: vegetation, solid surface and h e a r structure. The method estimates the local point distribution in space and uses a Bayes classifier to produce the probability of belonging to each class. Priors are modeled as Mixtures of Gaussians and parameters are learned using the Expectation-Maximization algorithm (EM) on labelled data. At each point, the scatter matrix is computed using a predefined support region. Ihe principal components of this matrix are used to define three saliency features for each scale 161, characterizing the 3-D points' spatial distribution into the three classes.
This [9] which projects the data into a different subspace to perform comparison,
B. Dimension reducrion
The core of the method is to project and accumulate the 3-D points of the scene into a gridded planar surface to produce a 2-D histogram for each orientation of the plane. By computing this symmetry value for different plane orientations we obtain a curve R =f(e). Figure 2 -(cj shows two examples: one from a concertina wire data and the other from random data. The absolute maximum of the curve determines the orientation and the intensity of the dominant local bilateral symmetry of scene.
In the next section we review the properties of the method, we present experimental results on wire detectability, and results on a concertina wire detection in cluttered vegetated terrain.
Iv. IMPLEMENTATION AND EXPERIMENTATIONS
A. Pmperties
We now review five properties of the symmetry measure presented above: scale, angular resolution, discrimination against noise, projection plane resolution influence, and finally robustness against clutter.
I ) Scale:
Symmetry is a scale dependent property of objects. The scale is defined by the size of the projection area (WxH) and the range of projection ( d ; z ) . They are defined to capture the srmcture of the object of interest. In the example presented in this paper we choose d;zj equal to I or 1.25 m and a one meter square projection area.
2 ) Angular resolution: In the examples presented so far the symmetry measure is computed for every angle of the rotation plane, producing 180 values per location. In practice, the curves are smooth and it is therefore possible to evaluate the symmetry for a spane set of orientation, thus speeding up the computation. In the example presented in Figure 6 -(dj the angle interval is 4". 3) Discrintiimtion against random points: In Figure 3 , we present results showing that the signature can discriminate between an organized points cloud from a concertina wire and scattered points from foliage. For multiple locations, symmetry curYes are computed and the absolute extrema are extracted. Figures 3-(a) and 3-(h) show their distribution for a concertina wire and foliage respectively.
In Figure 3 -(aj points are clustered around the direction 900 corresponding to the plane normal to the main axis of the coil. In Figure 3 -(bj the data is distributed randomly.
Note the difference of symmetry intensity between the two graphs. Figure 3-(c) shows the influence of the projection plane resolution on the symmetry value. We use data from a concertina wire. The range of influence and the size of the projection area are maintained constant, set both at 1 m. Three pixel resolutions are used 5, 10 and 25 cm. As the resolution decreases, new modes appear in the graph (118" and 142'), the symmetry value increases hut the value of the dominant symmetry mode remains at the same location (90") and its maximum well above the mean value.
4) 2-D histogram resolution:
5) Clutter:
One critical property for the approach to he applicable in vegetated terrain is the ability of the signature to handle clutter around the structure of interest.
We compared the symmetry curve, for two projection plane lattice resolutions, for a concertina wire without, and with different levels of clutter simulated using a Poisson 
B. Coiifigriruriori space erplorarion
In our current implementation, the intensity and direction of the bilateral symmetry is computed on a 3-D lattice spaced every half to one meter. 
C. Perfonmnce mafysis
I ) Sensing issues:
We used an actuated SICK LMS-291-SO5 mounted on a c m to collect 3-D scans. We performed a test to determine the detectability of a concertina wire' using the highest angular resolution setting of the scanner. With such setting the laser produce 400x800 points for a field of view of IOO"x120". Results are presented in Table I . The coil structure is preserved up to 8 meters in the configuration tested. 2) Scene segmenrarion: We collected data sets of the coil positioned in a vegetated terrain, seen from different viewpoints and with different level of clutter. Figure 6-(a) is an image of the scene. Results from the processing of two data sets are presented here: normal incidence with cluner ( Figure 6 -(aib/c/d)) and oblique view angle with no clnner (Figure 6 -(e)/(f)). The laser is positioned at 7 m from the coil and the scanner is set in high resolution mode. For space consideration we decided not to present the corresponding Figure 6 -(b/c) for the oblique view.
The data was processed in three steps: 1) ground separation, 2) non-ground data classification in three classes (clutter, linear, surface), 3) dominant bilateral symmetry detection. The ground data is separated by using the method proposed in I41 and the result is seen in Figure 6 -(b). The classification results of the step 2 can be seen in 6-(c). Notice that it is classified partially as linear and partially as vegetation. We mentioned this problem earlier in Section II-C. Figure 6-(d) shows the distribution of the dominant symmetry direction and value for an area surrounding the coil. The symmetry measure is calculated every four degrees. The coil contributes to the accumulation around the 22nd bin.
We produced similar results with the oblique view of the scene ( Figure-(e/f) ). Figure 6 -(e) is a top view of the scene. The red points are the ladar data, the green points are the locations where the symmetry has been evaluated, io blue, 'The concenina w i x used is ma& of a 3.5 mm diameccr crhlc forming a 1 m diameter coil. Small blades (10 mm x 13 mm) are locate every 2.6 em along thc cahle.
vectors representing the orientation and the intensity of the bilateral symmetry. The distribution of the same results is presented 6-(f). The concertina wire can be detected by clustering the data in the symmetry value, direction feature space. In this example, the coil is adjacent to hut not cluttered by vegetation unlike in the previous example.
V. CONCISJSION
In this paper, we propose a method to detect organized thin structures in 3-D ladar data. This work is a new contribution of our effort in 141 to reliably segment vegetation terrain for ground mobile robot navigation. We consider a symmetric structure made of wires configured to form a concenina pattern. Tbe method allows the recovery of the local dominant bilateral symmetry direction and intensity. We show the influence of the method parameters using data from a controlled environment. We also show segmentation results of the concertina wire in vegetated terrain.
Future work will address the characterization of additional gross structures in addition to the current bilateral symmetry. Statistically significant evaluations on various scenes are planned.
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